In this article, we are reporting the catalytic activity of gold nanoparticles (AuNPs) dispersed in a novel eco-friendly Deep Eutectic Solvent (DES; choline chloride and urea) at room temperature. A low energy sputter deposition method is employed to synthesize AuNPs on the DES surface. This is a simple, economical and clean method for producing monodisperse gold nanoparticles by a self-limited growth mechanism. Detailed Small Angle X-ray Scattering (SAXS), UV-Vis and Transmission Electron Microscopy (TEM) investigations show the formation of spherical AuNPs of 5 nm in diameter. Moreover, these particles have a strong tendency to self-assemble at the DES surface as well as into the bulk. This is a new addition to a novel generation of gold based catalysts. The catalytic activity of Au nanoparticles in DES is revealed quantitatively by analyzing the apparent conversion reaction rate constant app of para-nitrophenol to paraaminophenol in the presence of sodium borohydride. Catalytic activity reported in the present article is much faster ( app = 0.34 s −1 ) than the rate reported earlier ( app = 0.030 min −1 ) by Chirea et al. for gold nanowire networks [Langmuir, 2011, 27, 3906]. In agreement with the literature, we explain the higher catalytic activity in terms of a larger surface area of AuNPs in a non-self-assembled state.
Introduction
Of great interest in modern nanoscience is the topic of metallic nanoparticles, particularly those of the noble metal group, such as gold, silver and platinum. This is due to the unique physicochemical properties that the particles exhibit, often radically different to the properties these metals display in their bulk form [1] . The reason for this is due to large surface area to bulk ratio that these nanostructures exhibit. This means that in nanostructures, many atoms are still on the surface of the material, or just one layer removed, as opposed to being completely contained, resulting in a high loading of catalytically active sites and ensuring that diffusion amongst the pores will not limit kinetic activity [2] [3] [4] .
A classic example of this trend is a metal that is undergoing its renaissance as of late, and the subject of this work, gold. In its bulk form, gold is one of the most stable metals, resistant to oxidation and corrosion [1, 5] . Yet in its colloidal form, it acts as an extremely effective catalyst. These unique properties of colloidal gold have been a subject of interest for over 150 years, when in 1857, Michael Faraday speculated that the optical properties of a material could be changed by the addition of "particles being at the same time very small as compared to the wavelength" of the light used [6] . However, it is only since the discovery two decades ago, of colloidal gold as a catalyst for oxidation reactions by Haruta [7] , that the field of gold nanoparticle catalysis really started to grow. Today, self-assembled (SA) and non-self-assembled (NSA) gold nanoparticles are novel materials for many applications such as biomedical [8] [9] [10] [11] , energy conversion [12, 13] and chromatographic techniques [1] . However, the pro and cons of self-assembly and selfaggregation and gold nanoparticles network formation must be analyzed quantitatively.
Traditionally, gold nanoparticles are prepared via chemical means such as the reduction of the metal salt [14] , in the presence of stabilizing agents. However, this carries its own difficulties such as byproducts, the use of toxic organic solvents [15] , in addition to uncontrolled functionalization of the particles, leading to surfactants that must be removed, or that may hinder catalytic activity [16] .
Here, we introduce a novel way to form gold nanoparticles, via physical vapour deposition into a Deep Eutectic Solvent (DES), composed of choline chlo-ride and urea. DES, initially discussed recently by Abbott [17] possess a number of properties that make them highly suited to nanoparticle preparation; Low vapour pressure, biodegradable, ionic character, liquid at room temperature and nontoxic [18, 19] . This removes the need for volatile organic solvents, which can be detrimental to both the environment and human health [20] . Additionally, the ionic character of DES agents means that they display a templating effect, which in addition to their high viscosity, removes the need for stabilizing agents, resulting in very fine pure nanoparticles [21] .
In the present work, we explore the use of DES as a solvent for the formation of nanoparticles, and the impact of self-assembly and self-limiting growth upon the catalytic activity of the nanoparticles. The chemical reduction of paranitrophenol to para-aminophenol with aqueous sodium borohydride was used as a model reaction [23] for testing the catalytic activity of the AuNPs prepared on different surface areas of DES samples. We seek to investigate how the formation of these structures affects the surface area available for catalysis.
Experiments

Preparation of gold nanoparticles in DES
The pure DES samples were prepared by mixing choline chloride (ChCl, ≥98%) and urea (ACS reagent, 99.0%-100%) in a molar ratio of 1(ChCl) : 2(urea). After mixing, the samples are heated to 80 ∘ C and stirred until a homogeneous colorless liquid is formed. The synthesis of AuNPs in DES is achieved by employing the sputter deposition technique as detailed in references [29] and [30] . Four different samples have been prepared by pouring DES into four different surface area sized dishes. Table 1 shows the diameter of the dishes from 8.5 to 3.5 cm. For all the samples the gold sputtering time was 300 s. Immediately after the completion of sputtering, the samples are stirred for 60 s. Figure 1 shows the gold-sputtered 
UV-Vis spectroscopy
UV-Vis measurements were implemented to achieve information on the growth of nanoparticles in DES samples with respect to the gold-sputtering. The measurements were performed on a UV-Vis setup consisting of an Ocean Optics DT-MINI-2-GS UV-Vis-NIR light source (tungsten and deuterium lamp) and a USB2000+UV-Vis-ES detector. The qpod sample chamber was connected to the light source and the detector via glass fiber cables and tempered by a Quantum Northwest TC125 thermostat. Spectra were recorded in standard PMMA or PS cuvettes with an optical path length of = 10 mm. The spectra were recorded between 300 and 800 nm at room temperature. The Ocean Optics software Spectra suite was used for data storage. The same set-up was used for the catalysis reaction. Details are reported in references [29] and [31] .
Catalytic reduction of para-nitrophenol to para-aminophenol
Gold nanoparticles dispersed in different DES samples (in Table 1 ) were used for the reduction of para-nitrophenol to para-aminophenol in presence of sodium borohydride aqueous solution. In a catalytic reaction, 2 ml aqueous solution of para-nitrophenol (0.1 mM) was mixed with the 1 ml aqueous solution of sodium borohydride (10 mM). Immediately after addition of sodium borohydride, the color of the para-nitrophenol solution changes from light yellow to dark yellow. The color change corresponds to the para-nitrophenolate formation. Afterwards, 30 μl of AuNPs-DES catalyst was added to this solution. As the catalytic reaction proceeds, the solution becomes colorless. The catalytic reaction is a pseudo first order reaction and can be followed by recording extinction of in-situ UV-Vis spectra of para-nitrophenolate peak [23] .
Transmission Electron Microscopy (TEM)
TEM micrographs were recorded by using a Libra 200FE TEM (Zeiss, Germany) equipped with an Ultrascan CCD camera (Gatan, U.S.A). During measurement the acceleration voltage of microscope was set to 200 kV. For TEM images, an energyselecting slit was used to block electrons, which suffered inelastic scattering (zero loss filtered images). The smallest DES surface area sample (sample D) sputtered with gold atoms for 300 s was used for TEM investigation. The sample was first precipitated in water and then centrifuged three times. Finally, the samples were dispersed in water. The sample grids were prepared by dropping the re-dispersed
AuNPs on a carbon-coated copper grid (CF200-Cu, Electron Microscopy Sciences, U.S.A.).
Small Angle X-ray Scattering (SAXS)
SAXS measurement was performed on one of the Au-DES sample with lower DES surface area (sample D) and gold sputtering time of 300 s, at the SAXS beamline at BESSY II Synchrotron at Helmholtz-Zentrum Berlin (HZB) [22] . For the SAXS measurement, the sample was sealed in 1.0 mm (in diameter) quartz capillary and 8000 eV X-ray energy was chosen. The photons scattered by the samples were collected by using a gas filled 2D multi-wire proportional counter. Raw scattering images were corrected for transmission, photon flux, dead-time of the detector electronics, solid angle distortion and sensitivity of detector pixels. After circular averaging, the final scattering curve was obtained. A pre-calibrated glassy carbon standard sample was used to scale the scattering curve to differential scattering cross sections per unit volume. A silver behenate sample (peak at = 1.076 nm
was used to calibrate the scale.
3 Results and discussion Figure 1 shows the images of two different DES surface area samples (sample A and sample C) for the gold sputtering time of 300 s. Diameter of sample A is 8.5 cm and of sample C is 5.5 cm. It is seen that for the large DES surface area (sample A) the color of solution is light pink (image left) and when the surface area decrease (sample C), the color of solution becomes dark violet (image right). This gives the first hint that for the large DES surface area the gold nanoparticles are less selfassembled compared to the DES sample with lower surface area. Catalytic activity of non-self-assembly (NSA) and self-assembly (SA) gold nanoparticles can be determined by the chemical reduction of para-nitrophenol to para-aminophenol by sodium borohydride in aqueous solution. Para-nitrophenol shows UV-Vis absorption peak at 317 nm and after addition of sodium borohydride this absorption peak moves towards red-shift at 400 nm. This red-shift indicates the formation of para-nitrophenolate. Addition of Au-DES sample converts para-nitrophenolate into the para-aminophenol. This is observed by extinction of UV-Vis absorbance peak at 400 nm with the para-aminophenol conversion time. in about 20 s. However, in Figure 3(b) , it is seen that the there is no reaction for first 16 s and then the catalytic reaction begins and completes in about 66 s. It is clearly seen that the catalytic reaction for the sample with larger DES surface area is much faster than the sample with lower DES surface area. Figure 4 (a) and (b) show the time dependence plot of the reduction of paranitrophenol for the sample with larger and smaller DES surface areas. In the figure, 0 is the induction period, which described as the diffusion time required for para-nitrophenol to be absorbed on the catalyst surface prior beginning of the reaction [23] . The sample with smaller DES surface area (sample D) shows larger induction period 0 = 16 s as compare to the larger DES surface area (sample A) with 0 = 4 s. The catalysis reaction is found to be first order rate equation and can be given as:
Where is the concentration at time , and 0 is the concentration at = 0. app is the kinetic apparent rate constant which can be determined by evaluating the slope using a linear fit. In Figure 4 , two apparent constants, app -and app -, are evaluated by fitting. app -corresponds to the early stage of reduction and appcorresponds to the decay rate at stationary state [23] . The apparent rate constant is proportional to the surface area available for the reaction. These results help to determine the kinetics of the catalysis reaction in relation with the theoretical kinetic modeling [2, 24] .
In Figure 4 , the first order apparent rate constant app -was evaluated for the sample with larger surface area (sample A) and is found to be 0.34 s seen from the evaluated apparent rate constant that the catalysis for the larger surface area is about an order faster than that of the smaller surface area.
TEM Investigation
TEM investigation is a valuable tool to locally characterize nanostructure dispersed in different matrices. Figure 5 (a) shows a TEM micrograph of the AuNPs-DES sample with a gold-sputtering time of 300 s. The micrographs display a good 
SAXS investigations
Small Angle Scattering measurements are applied to evaluate the structure information in the size range from 1 nm to 100 nm present in the system [25] [26] [27] [28] . These peaks indicate the ordering of the gold nanoparticles in self-assembled structures. Earlier, SAXS investigations on same set of samples with different gold sputtering time show that the mean size of the AuNPs is constant and about 5 nm [29, 30] . The quantitative structure information on shape, size and size distribution of the AuNPs are evaluated by a non-linear fit of the SAXS curves by using the software SASfit. A sphere structure model combined with a lognormal size distribution of particles is found to be suitable for fitting. More details on the fitting are given in [29] . Figure 6(b) shows the evaluated size distribution of the AuNPs is DES, which reveals that the polydispersity of the particles in very small and average particle is about 5 nm. Moreover, the evaluated structure factor shown in Figure 6 (c) shows the strong maxima at = 1.0 nm −1 . The growth of maxima in the structure factor is the consequence of interference effects, which means the particles, are not arranged in random but in a SA of short range order. The strong maxima in structure factor reveal the scattering domain size of SA gold nanoparticles of about 15 ± 2 nm. Average AuNPs diameter and inter-particles distances determined by SAXS and TEM investigations are found to be in a good statistical agreement.
Self-assembly and catalysis mechanisms
Catalytic activity of nanoparticles depends on many parameters as size, shape, distribution, matrix in which the nanoparticles are dispersed, method of preparation and total surface area available for the catalytic reaction [23, 31] . All these parameters can have strong effect on the rate of the catalysis reaction. However, total surface area of nanoparticles available for the interaction of reactants is the one of the most important factor in optimizing the catalytic activity. Here, the impact of self-assembly of nanoparticles onto the total surface area available for catalysis reaction is explained. Self-assembled (SA) and non-self-assembled (NSA) gold nanoparticles were obtained by sputtering of gold atoms onto the DES surface by taking four different surface area dishes (Table 1 , sample A-D). The sputtered gold atoms have less interaction with the DES surface and therefore, they are highly mobile on the surface. Moreover, the gold atoms begin to aggregate into the selflimited individual nanoparticles, of the diameter of about 5.0 ±1.0 nm. Generally, the individual nanoparticles are thermodynamically unstable due to their high surface energy; seeking to minimize it via the formation of larger, more stable particles, as well as due to inter-particle forces such as van der Waals. It is reported earlier that for a fixed DES surface area, increased sputtering time does not lead to the further growth of the nanoparticles, and the AuNPs have self-limited growth of 5 nm. Increase in sputtering time rather leads to an increase in the concentration of gold atoms in a linear relationship [29, 30] . Figure 2 show the formation of NSA AuNPs for the larger DES surface area and SA AuNPs for smaller DES surface area. The peak at 525 nm for sample A reveals the formation of NSA gold nanoparticles. The two broad peaks observed at 530 nm and 690 nm for sample D reveal the formation of SA of gold nanoparticles. Moreover, TEM and SAXS investigations shown in Figures 5 and 6 also show the formation of 5.0 ± 1.0 nm diameter AuNPs with inter-particle surface to surface distance of about 0.5 ± 0.3 nm. Moreover, a sharp peak appears at = 1.08 nm −1 in SAXS curve indicates the formation SA of 5 nm AuNPs.
UV-Vis investigations in
Here, in case of the smaller DES surface area, the AuNPs are close to each other and have less area to move. This means they have a high probability to interact with the other nanoparticles by long range van der Waals attraction force and minimize their surface energy by formation of SA. However, the long range attraction is counterbalanced by the templating effect of coulombic interaction created by the DES ions. The balance of these two forces, leads to an unusual ordering of the particles, creating 1st and 2nd order shells, opening a new world of templating particles via controlled self-assembly for specific functions [29] . However, in con- trast, for the larger DES surface area for sputtering, the gold nanoparticles have large surface area to move and have less probability to form self-assembly.
Catalytic activities of all the Au-DES samples (A-D) are shown in Figure 3 and the apparent rate constant app is calculated by using equation (1) and shown in Figure 4 . Moreover, Figure 7 shows the dependence of the apparent rate constant on the different surface area of the DES samples with gold sputtering time of 300 s.
It is seen that apparent rate constant decrease with decreasing the DES surface area for deposition. This indicates the catalysis reaction slow down for the lower DES surface area (sample D). Self-assembly of nanoparticles in DES matrix can have strong influence onto the catalytic activity. This can be explained as follows: In a self-assembled Au-DES system, the center gold nanoparticle is surrounded by the other neighboring gold nanoparticles with an inter-particle distance of about 0.5 ± 0.3 nm. The highly viscous DES is present in between inter-particle distance area. Because of the high viscosity of DES,the reactants cannot diffuse in between the inter-particle distance area. This leads to exclusion of the surface area of center particles for the reactants and total surface area decreases. This means only the outer surface of the self-assembled domain is available for the catalysis reaction. On the contrast, when the particles are individually (NSA) distributed, then all the individual surfaces of AuNPs are available and this increases the total surface area for the reaction. Therefore, in case of larger surface area samples, particles are not self-assembled. This leads to the availability of a large surface area for catalytic reactions and hence enhances the rate of the reaction.
Conclusion and summary
In summary, self-assembled (SA) and non-self-assembled (NSA) gold nanoparticles (AuNPs) were obtained in the eco-friendly deep eutectic solvent (DES) via the sputter deposition technique and by choosing different deposition DES surface area. SAXS, UV-Vis and TEM investigations show the formation of AuNPs with an average diameter of 5.0±1.0 nm. Reduction of para-nitrophenol catalyzed by metallic nanoparticles helps in determining the effective surface area of individual NPs as compared with the SA gold nanoparticles. We conclude that NSA
AuNPs show a higher catalytic activity in comparison with the SA AuNPs. This is explained by the exclusion of surface area due to self-assembly of gold nanoparticles at lower DES surface area of deposition. With the present investigations we have shown that the SA of NPs (total surface area) plays an important role in optimizing the catalytic activity. Controlling the degree of SA in relation to catalytic activity will be the topic of further research. It is planned to investigate bimetallic nanoparticles of Au-Pd, Au-Ag in the near future.
